The lithium aluminosilicate mineral petalite (LiAlSi 4 O 10 ) has been studied with high-pressure single-crystal X-ray diffraction (HP-XRD) up to 5 GPa. Petalite undergoes two fully reversible pressure-induced first-order phase transitions, not previously reported in the literature, at ca. 1.5 and 2.5 GPa. The first of these transforms the low-pressure α-phase of petalite (P2/c) to an intermediate β′-phase that then fully converts to the high-pressure β-phase at ca. 2.5 GPa. The α → β transition is isomorphic and is associated with tripling of the unit-cell volume. Analysis of the HP-XRD data show that although the fundamental features of the petalite structure are retained through this transition, there are subtle alterations in the internal structure of the silicate double-layers in the β-phase relative to the α-phase. Measurement of the unit-cell parameters of petalite as a function of pressure, and fitting of the data with third-order Birch-Murnaghan equation of state, has provided revised elastic constants for petalite. The bulk moduli of the α-and β-phases are 49(1) and 35(3) GPa, respectively. These values indicate that the compressibility of the α-phase of petalite lies between those of the alkali feldpsars and alkali feldspathoids, whereas the β-phase has a compressibility more comparable with layered silicates. Structure analysis has shown that the compression of the α-phase is facilitated by the rigid body movement of the Si 2 O 7 units from which the silicate double-layers are constructed.
iNtRoductioN
The lithium aluminosilicate mineral petalite is one of the three most abundant naturally occurring lithium-rich minerals and is of fundamental relevance in the evaluation of conditions associated with magmatic pegmatite crystallization processes. The crystal chemistry of the low-pressure α-phase of petalite has been the subject of extensive study (Černý and London 1983 and references therein).
The petalite structure can be described as a three-dimensional AlSi 4 O 10 framework consisting of puckered double-sheets of corner-sharing SiO 4 tetrahedra stacked parallel to the (100) plane with corner-sharing AlO 4 tetrahedra that bridge neighboring layers (Fig. 1) . The neutrality of the structure is ensured by the presence of lithium cations residing within channels that propagate through the structure in the [101] direction. The Li cations are bonded to four oxygen atoms and the resulting LiO 4 polyhedra possess geometries that are intermediate between those of an idealized tetrahedron and a perfect square planar arrangement. Both spectroscopic and diffraction studies have shown that all cation sites within naturally occurring specimens of petalite are fully ordered (Černý and London 1983; Tagai et al. 1982) and our data concur with this finding.
The structure of petalite was originally reported in the nonstandard P2/a setting of space group P2/c (Tagai et al. 1982) . However, for the high-pressure X-ray diffraction (HP-XRD) analysis discussed in this contribution we have chosen to represent, for consistency and ease of scrutiny, all petalite phases in a standard P2/c setting. The crystallographic basis of this P2/c setting (a, b, and c) is related to that of the original P2/a setting (a′, b′, and c′) by the following expressions: a = -a′ -c′; b = b; and c = a′. The following description of the α-phase is consistent with the structure in the standard P2/c format. It should be noted, however, that a non-conventional metric unit cell has been chosen to ensure that the structural features align with the unit-cell axes. Although there are several reported studies of the relative thermodynamic stability and phase equilibria of the NaAlSiO 4 -LiAlSiO 4 -SiO 2 -H 2 O system (Fasshauer et al. 1998; London 1984; Haussühl et al. 2012) , of which petalite is a key member, there is a lack of accurate high-pressure structural and elasticity data for petalite. The objective of this study was to rectify this situation, and herein we report an extensive HP-XRD analysis of petalite and describe in detail a previously undiscovered high-pressure phase of this mineral (β-phase). Furthermore, we have collected precise unit-cell data as a function of pressure, and these have enabled us to determine accurate elastic constants for both the low-and high-pressure phases of petalite.
precise unit-cell parameters as a function of pressure. These data were employed in the calculation of the elastic constants of the α-and β-phases. The second petalite crystal (sample 2) was larger than sample 1 and was used for the measurement of diffraction data for structural analysis. The following experimental details apply to both crystals unless stated otherwise.
A single crystal of petalite (sample 1: 140 × 160 × 25 μm 3 , sample 2: 176 × 313 × 30 μm 3 ) was loaded in to an ETH diamond-anvil cell (DAC) (Miletich et al. 2000) fitted with diamonds with culets 600 μm (sample 1) or 650 μm (sample 2) in diameter. The sample chamber was a cavity drilled in a stainless-steel gasket that was fitted within the DAC, and had dimensions of 300 × 90 μm 2 (sample 1) or 400 × 90 μm 2 (sample 2). In the case of sample 1 a quartz crystal (60 × 80 × 30 μm 3 ) was included in the DAC for pressure calibration measurements (Angel et al. 1997) . For the experiment with sample 2, a ruby ball was added to the DAC to act as the pressure calibrant (Mao et al. 1978) . After initial unit-cell determinations at ambient pressure, a 4:1 MeOH:EtOH solvent mixture was added to the DAC to act as the pressure transmitting medium; this particular alcohol mixture is known to remain hydrostatic up to 9.8 GPa .
Precise unit-cell parameters were determined with a Huber diffractometer equipped with an Eulerian cradle and point detector. The instrument was controlled with the SINGLE software (Angel and Finger 2011) . The method employed for the determination of the unit-cell parameters was based on the 8-position centering of the sample reflections (King and Finger 1979) . High-pressure unit-cell data for petalite sample 1 were collected over 0-4.5 GPa. When the pressure was raised to ca. 5 GPa the crystal disintegrated, possibly due to a phase transition, and the experiment was terminated.
HP-XRD data for structure determinations were collected with sample 2 at room temperature on an Oxford Diffraction Xcalibur II (α-phase data collections) or Xcalibur I (β-phase data collection) instrument with monochromated MoKa radiation (λ = 0.71073 Å); these diffractometers are equipped with a point and charge-coupled device (CCD) detectors, respectively. Data were processed with standard instrument software (Agilent Technologies 2012). Absorption corrections were applied with the ABSORB (Angel 2005) program, and the data corrected for DAC dips and other statistical anomalies with AVERAGE. All structure solutions and refinements were performed with Olex2 (Dolomanov et al. 2009 ). The structures of all phases of petalite were solved directly from the high-pressure CCD data by direct methods. Structural refinements were performed on F 2 by full-matrix least-squares refinement techniques. Due to the limited data obtained from the HP-XRD data collections no anisotropic parameters were refined for any of the structural models. Two of the SiO 4 tetrahedra in the structural model of the β-phase were found to be disordered and were modeled accordingly. It was not possible to refine the relative occupancies of the two components of the disorder models so they were fixed to be 50%, and the U iso values of the atoms were fixed to be equal. Where necessary Si-O bond length constraints were applied to the disordered components. Not surprisingly the thermal parameters for the Li + ions did not refine to reasonable values. To overcome this issue the U iso values of the two symmetry independent Li + ions were constrained to be equal. Figure 2 shows the evolution of the petalite unit-cell volume with increasing pressure and Table 2 lists the unit-cell parameters of petalite as a function of pressure. A graphical representation of these data and an F E vs. f E plot are provided in Figures 3 and  4 , respectively. The P-V data show the occurrence of two reversible pressure-induced phase transitions, the first at ca. 1.5 GPa and the second at ca. 2.5 GPa. These transitions are first order in nature, and proceed in the order: α-phase → β′-phase → β-phase, where the β′-phase is an intermediate phase (vide infra). The overall consequence of the α → β transition is a tripling of the unit-cell volume; this is most obvious in the CCD images of the two phases (Fig. 5 ) in which superlattice reflections are present at q = ⅓c* in the diffraction pattern of the β-phase.
ResuLts aNd discussioN

Elastic constants
The P-V data for both the α-and β-phases have been fitted, by a least-squares technique, with third-order Birch-Murnaghan (BM) equation of state (EOS) (Angel, EOS-FIT) . These fits allow for the elucidation of the elastic constants of these two phases, and these are presented in Table 3 . However, attention must be given to the estimated standard deviation (e.s.d.) values reported with these constants, in particular those for the β-phase, as these are perhaps larger than ideal-this is a consequence of the limited number of available data points to which the EOS functions are fitted. Nonetheless, these constants are notably more accurate and appropriate than those reported by Fasshauer et al. (1998) . These authors evaluated the elastic constants for petalite from synchrotron data, yet they did not account for the occurrence of the pressure induced phase transitions and "cycled" the pressure on the sample, thus forcing the crystalline sample to pass through these transitions multiple times. It is therefore not surprising that their reported values for the elastic constants of petalite (Table 3) differ from those determined in this study. However, our experimentally determined value of K 0 for the α-phase of petalite is in excellent agreement with value reported by Haussühl et al. (2012) , 49(1) GPa, that was derived from density functional theory (DFT) calculations based on elastic stiffness coefficients determined by resonant ultrasound spectroscopy (RUS) measurements conducted under ambient conditions (i.e., with α-phase petalite samples). Yet, these authors also reported DFT calculations of the petalite unit-cell volume as a function of pressure (up to 30 GPa) that also failed to identify the α → β′ → β phase transitions. Table 4 lists elastic constants for selected tetrahedral framework minerals and layered silicates for comparison with petalite. It is apparent that the bulk modulus of the α-phase of petalite is slightly more compressible than the alkali feldspars and slightly less compressible than the alkali feldspathoids. In contrast, the bulk modulus of the β-phase of petalite is more akin to those of quartz and the archetypical layered silicate talc in which the SiO 4 layers are not pillared in the third dimension by either AlO 4 or AlO 6 polyhedra, and with pyrophyllite that comprises stacked aluminosilicate layers that are also not covalently linked via bridging polyhedra. This would suggest that the presence of the AlO 4 tetrahedra that interconnect the SiO 4 double sheets ( Fig.  1 ) has a minimal impact on the ability of the petalite framework to withstand pressure.
It would be constructive to quantify the compressibilities (β i ) of the three crystallographic axes from the unit-cell length vs. pressure data for petalite (Fig. 3) . For an orthogonal unit cell (a = b = g = 90°) a reasonable approximation of a β i value can be obtained by fitting the axis length vs. pressure data with an appropriate BM EOS and from the axial bulk modulus (K i ) β i can be estimated with the equation
. However, this approximation assumes that the strain tensor is restricted, by sym- Table 2 . Unit-cell parameters for petalite as a function of pressure
) Sample 1 0.000(7) 11.22860(3) 5.1385 (1) 11.7486(2) 141.311(3) 423.74(4) 0.343(6) 11.20328(9) 5.1194 (2) 11.7096(5) 141.239(3) 420.47(5) 0.355(7) 11.20553(4) 5.11908(9) 11.7091(2) 141.240 (3) 420.50(4) 0.670(7) 11.18278(7) 5.1023 (1) 11.6730(3) 141.171(4) 417.60(5) 1.041 (7) 11.1547(1) 5.0822(9) 11.6290(2) 141.094(3) 414.06(4) 1.472(7) 11.12857 (9) FiguRe 2. V-P data for petalite: data collected with two different petalite samples are shown as solid (sample 1) and open circles (sample 2). Error bars have been included but are smaller than the symbols. Solid black curves represent third-order BM-EOS fits to the V-P data [wc 2 = 0.8215, a-phase, 0-1.5 GPa; wc 2 = 2.4719, b-phase, 2.5-4.5 GPa]. The b-phase volume has been divided by three to normalize it with respect to the volume of the a-phase. metry, from rotating. Yet, in the case of a monoclinic system one of the three unit-cell angles is free to change, thus the requisite symmetry constraints for this approximation are violated. Indeed, to evaluate the axial compressibilities for a non-orthogonal unit cell it is necessary to calculate the full strain tensor, yet due to the limited number of data points available for α-and β-phases of petalite such calculations are not feasible.
High-pressure structural analysis α-phase compression mechanism. To aid in the interpretation of the structural changes experienced by the α-phase in response to pressure, it is beneficial to first ascertain the degree of distortion exhibited by the polyhedra comprising the petalite framework. Such distortion of the individual cation tetrahedra can be estimated from the tetrahedral angular variance (σ tet ) and quadratic elongation (<λ tet >) parameters (Robinson et al. 1971 ). These distortion parameters for the AlO 4 , SiO 4 , and LiO 4 polyhedra within the α-phase of petalite are listed in Table 5 as a function of pressure. Also included in this table are the volumes of the polyhedra (V poly ) and the center-to-vertex distance (l 0 ) for a geometrically ideal tetrahedron (σ tet = 0, <λ tet > = 1) with a volume equal to that of the distorted polyhedron. It is evident that after an initial adjustment to the applied pressure the nearly geometrically ideal SiO 4 tetrahedra remain unaltered with increasing pressure; this finding is also reflected in the lack of statistically significant pressure-induced changes in the bond lengths and angles associated with these tetrahedra (Table 6) . Consequently, the SiO 4 tetrahedra can be treated as rigid units, at least over the pressure range investigated (<5 GPa). Unlike the SiO 4 tetrahedra, the AlO 4 tetrahedra are greatly distorted, but the σ tet values for this unit are suggestive, but not conclusive, of an overall small reduction in the degree of distortion of these polyhedra with increasing pressure.
A rigid unit approximation cannot be extended to the LiO 4 units. These polyhedra are best considered as possessing geometries that are intermediate between those of an idealized tetrahedron (σ tet = 0) and a perfect square planar arrangement (σ tet = 47.886). The variation in the elongation parameter, <λ tet >, of the LiO 4 polyhedra with pressure is negligible, indicating that there is virtually no change with pressure in the deviation of the Li-O bond lengths from their optimum length (l 0 ) at that specific pressure. This implies that any pressure-induced distortions of the LiO 4 polyhedra must be facilitated by adjustments in the O-Li-O angles rather than by disproportionate changes in the Li-O bond lengths. This conclusion is further supported by the decrease in the σ tet parameter with increasing pressure that signifies a reduction in angular distortion of the LiO 4 unit as it tends toward a more regular tetrahedral arrangement with increasing pressure.
As discussed above, the bulk modulus of the α-phase is similar to that of silicate minerals composed of either silicate or aluminosilicate layers that are not covalently linked in the third dimension. This result would suggest that the AlO 4 tetrahedra 
a b
play a minor role in the compression mechanism of this phase. Consequently, one must expect, perhaps counter-intuitively, that compression of the structure is enabled by changes within the silicate double-layers. Further support for this hypothesis is provided by the percentage decreases in the unit-cell axes over the 0-1.5 GPa range: ~0.9% (a-axis), ~1.6% (b-axis), and ~1.4% (caxis). These values indicate that compression within the silicate layers parallel to the (100) plane is favored over compression in the [100] direction that lies ~51° from the a*-axis.
To aid in the evaluation of the pressure response of the α-phase, the structure of the silicate double-layers can be simplified by applying the rigid unit approximation to the SiO 4 tetrahedra. Furthermore, as oxygen atom O3 resides on an inversion center (2d) the compressional mechanism must not incorporate any change in the Si1-O3-Si1 viii bond angle, or rotation of the connected (Si1)O 4 tetrahedra relative to each other. This second symmetry constraint also applies to the connected (Si2)O 4 tetrahedra because the bridging oxygen atom O5 is located on a twofold axis (2f ). Fortuitously, although there are no symmetry restrictions on the Si2-O5-Si2 ix bond angle, there is no statistically relevant change in this angle with pressure (Table  6 ). Consequently the Si 2 O 7 units, which are shown as light gray and purple in Figure 6 , may also be treated as rigid entities. Therefore the compression mechanism must be due primarily to tilting and/or rotation of these Si 2 O 7 units relative to each other.
The "pivot points" for these possible motions are atoms O1, O2, O4, and O6, thus to evaluate the behavior of the structure it is necessary to assess changes to the bond angles involving these atoms (Table 6 ). The O1 … O4 … O2 i and O4 … O2 i… O1 i angles represent the hinges for the corner sharing Si 2 O 7 units, and they increase and decrease with increasing pressure, respectively (Table 6 ). Moreover, the Si1 i -O2 i -Si2 (symmetry equivalent to the Si1-O2-Si2 vii angle in Table 6 ) and Si1-O4-Si2 angles decrease with increasing pressure. It is the concerted changes (5) 1.607(4) 1.612(4) 1.611(4) 1.611(6) Si2-O4
1.600 (7) 1.608 (7) 1.610 (7) 1.605 (7) 1.596(9) Si2-O5
1.599(4) 1.594(4) 1.594(4) 1.598(4) 1.597(5) Si2-O6
1.600(4) 1.606 (5) 
in these angles with increasing pressure that allows for contraction of the structure along the crystallographic b-axis. The concomitant opening of the Si2-O6-Al1 (symmetry equivalent angle Si2 ix -O6 ix -Al1
x shown in Fig. 6 ) hinge permits compression along the c-axis and an overall reduction in the β-angle.
The ultimate consequence that can be envisaged as a result of these concerted hinge motions is movement of Si 2 O 7 units relative to each other such that there is subtle lessening in the corrugation of the double-layers. This in turn will result in a small decrease in the length of the a-axis in response to pressure, exactly as observed in the experimental data (Fig. 3) .
Unfortunately, the estimated standard deviation values associated with the bond lengths and angles involving the Li + ion are too high to allow for a conclusive determination of the mechanism that causes a reduction in the LiO 4 polyhedral distortion with increasing pressure. However, the data do suggest that the principal driving force for the decrease in distortion is facilitated by the movement of the (Si2) 2 O 7 units, as evidenced by the decrease in the Si2-O6-Li1 angle with increasing pressure and the absence of changes in the Li1-O1-Si1 angles.
Crystal structure of the β-phase. At ca. 1.5 GPa the compression mechanism for the α-phase reaches a limiting point and the crystal undergoes a first-order phase transition to an immediate phase denoted herein as the β′-phase. The quality of the diffraction data for this phase precluded determination of its crystal structure, but it is likely to be a composite phase comprising structural features associated with both the α-and β-phases, but given the unit-cell parameters for this phase it is probably most akin to the structure of the β-phase, and may possibly be an incommensurate phase. At ca. 2.5 GPa, the crystal fully converts to the β-phase.
Given that the compression mechanism of the α-phase is enabled by the rigid motion of the Si 2 O 7 units, one may reasonably expect that once this mechanism reaches its limiting point that the subsequent phase transition would incorporate an increase in the conformational freedom of these units, perhaps via breaking of the inversion and twofold symmetries of the (Si1) 2 O 7 and (Si2) 2 O 7 units. Therefore, the expected candidate space groups for the β-phase would be the monoclinic translationengleiche subgroups (t subgroups) of P2/c, P2, and Pc. Yet, the klassengleiche index (k-index) for this first-order transition equals three and this precludes the β-phase belonging to a t subgroup of P2/c. In fact, the α → β transition is isomorphic with only ⅔ of the Si 2 O 7 units exhibiting a reduction in symmetry i.e., tilting/rotation of the SiO 4 units relative to each other (Fig. 7a) .
Unfortunately, because of the disorder exhibited by two of the six symmetry independent SiO 4 tetrahedra, which also impact the geometries of the AlO 4 and LiO 4 polyhedra, a comparative analysis of the tetrahedral distortion parameters for the cation polyhedra would be redundant. Furthermore, a detailed discussion of the variations in the construction of the four unique Si 2 O 7 units (color coded in Fig. 7) is also of questionable value. However, we can assess the broader structural differences between the two petalite phases. The framework of the β-phase comprises structural features that are essentially analogous to those observed in the crystal structure of the α-phase (Fig.  1) , namely silicate double layers pillared by AlO 4 tetrahedra. Yet, there are significant adaptations to the internal structure of the silicate layers in the β-phase caused by the distortion in ⅔ of the Si 2 O 7 units. An overlay of the crystal structures of the α-and β-phases (Fig. 8) shows that the major consequence of this internal rearrangement of the silicate layers is the creation of two types of interlayer channels (denoted A and B in Fig.  8 ) with dimensions notably different from the channels in the α-phase that are all symmetry related. At 1.25(5) GPa, the cross sections of the channels in the α-phase are ca. 3.24 × 4.01 Å 2 ;
for the β-phase at 2.71(5) GPa, the A channels are ca. 2.61 × 4.14 Å 2 and the cross sections of the B channels are ca. 4.42 × 2.64 Å 2 . These cross-sectional dimensions are only approximations, but they do show that by converting the dimensions of the channels during the phase transition the petalite structure is able to accommodate contraction along the [001] direction. This transition is also accompanied by a small reduction in the interlayer distance of ca. 0.2 Å. However, there do not appear to be any significant differences in the coordination environments of the Li cations in the two phases.
impLicatioNs
This high-pressure single-crystal XRD study of petalite has revealed, for the first time, that petalite undergoes two firstorder phase transitions within the 0-4.5 GPa pressure range. The transformation of the low-pressure α-phase to the highpressure β-phase proceeds via an intermediate phase, β′-phase, of unknown structure. The α-and β-phases are structurally similar although there are small differences in the construction of the silicate double-layers. The compression mechanism of the α-phase has also been elucidated and it has been shown that the rigid body movement of the Si 2 O 7 units comprising the silicate double-layers is responsible for the compression of the structure. It is of note that these modifications within the silicate layers lead to a reduction in the distortion of the LiO 4 polyhedra with increasing pressure. This is also one of the first studies that provides details of how Li in fourfold coordination with oxygen responds to pressure.
The bulk moduli of the α-and β-phases are 49(1) and 35(3) GPa, respectively, showing that the high-pressure phase (β) is more compressible than the low-pressure phase (α). The bulk modulus for α is slightly lower than those reported for tetrahedral frameworks such as the alkali feldspars and slightly greater than those reported for alkali feldspathoids. The lower bulk modulus of the β-phase, however, is closer in magnitude to values reported for layered silicates such as talc and pyrophyllite. The results of this study therefore enhance our understanding of the effect of composition and mechanisms that control the compression of tetrahedral framework structures. 
